ABSTRACT Poultry are very likely to become infected with Salmonella in the early posthatch period, due to environmental contamination. The purpose of this study was to evaluate the effect of infection dose on the risk of persistent infection in laying hens. In this study, young layer chicks were orally infected with a low (10 2 at 1 d posthatch) or a high dose (10 9 cfu at 1 wk posthatch) of Salmonella Enteritidis. The pattern and duration of fecal shedding was studied for 18 wk. All chickens shed Salmonella early after infection and shed Salmonella intermittently during the whole study period. There were more
INTRODUCTION
Salmonella enterica ssp. enterica serovar Enteritidis is one of the leading causes of human foodborne infections of bacterial origin, and can be associated with consumption of poultry products, especially eggs and egg-related products (Oldfield, 2001; Rabsch et al., 2001) . Poultry can become infected by Salmonella through a variety of sources, including contaminated feed and water (Rose et al., 1999; Corry et al., 2002; Heyndrickx et al., 2002) . Vaccination and hygienic measures have considerably reduced the contamination rates in parent flocks in recent years. This may result in a reduction in vertical transmission of the infection. On commercial laying farms however, the major problem is contaminated chicken houses. Routine cleaning and disinfection between rounds often cannot prevent the infection of each new flock, round after round (Feberwee et al., 2001; Davies and Breslin, 2003) . This problem may occur in the production house or in the rearing house. Due to environmental contamination, it is likely that the birds become infected in the early posthatch period. Thorough To whom correspondence should be addressed: filip.vanimmerseel @UGent.be.
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positive birds in the high-dose group than in the lowdose group in the first weeks following Salmonella exposure. From 10 wk postinfection onwards, however, birds that were orally infected with the low dose of Salmonella Enteritidis shed more Salmonella than the birds that received the high dose. At 18 wk of age, there was no difference in cecal colonization between the treatment groups. It can be concluded that infection of newly hatched chicks with a low dose of Salmonella Enteritidis can lead to persistent infection until onset of lay, hereby excreting Salmonella bacteria intermittently.
cleaning and disinfection can drastically reduce but usually not eradicate Salmonella bacteria from the environment. Thus, the infection dose that newly hatched chicks encounter is variable, and it is not clear whether longterm differences in the shedding pattern of individual birds exist after infection with high and low infection doses of Salmonella. Previous studies have assessed mainly floor-and group-housed animals, making it difficult to interpret the response of the individual birds, due to horizontal contamination (Lindell et al., 1994; Gast and Holt, 1998; Garber et al., 2003) . Therefore, in this study, layers were individually housed on wire floors to minimize horizontal contamination. The shedding pattern was analyzed for 18 wk to investigate the risk of contamination of the birds at the onset of lay, after infection of young birds. The effect of the infection dose was studied in relation to the shedding pattern.
MATERIALS AND METHODS

Salmonella Strain
Salmonella Enteritidis phage type 4, strain 76Sa88, a well-characterized strain isolated from a poultry farm, was used in this trial (Desmidt et al., 1997 (Desmidt et al., , 1998 Van Immerseel et al., 2002) . The strain was grown for 6 h in Luria-Bertoni medium, after which the number of colony-forming units per milliliter was determined by plating 10-fold dilutions of the bacterial suspension on brilliant green agar.
2 Then, the bacteria were diluted in PBS to achieve the desired inoculation dose.
Chickens
White Leghorn specific pathogen free chickens 3 of both sexes were hatched and housed in isolation in battery cages (one bird per cage) that were cleaned and decontaminated before the start of the study. All cages were separated by plastic walls to minimize cross-contamination. Before the start of the experiment, 20 chickens were euthanized, and serum samples were taken for the detection of maternal antibodies against S. Enteritidis by means of a previously described anti-S. Enteritidis ELISA (Desmidt et al., 1996) , confirming all birds to be seronegative. Chickens received autoclaved drinking water and irradiated feed (25 kGy of γ-irradiation) ad libitum. The experiment was performed under supervision of the ethical committee of the Faculty of Veterinary Medicine, Ghent University.
Experimental Design
Chickens (n = 104) were placed in battery cages, 1 per cage, and 52 per room. In the first room, 52 chickens 2 Oxoid, Basingstoke, England.
3 Iffa-Credo, Brussels, Belgium.
were orally infected with 10 2 cfu of S. Enteritidis 76Sa88 on day of hatch. In the second room, 52 chickens were orally infected with 10 9 cfu of S. Enteritidis 76Sa88 on d 6 posthatch. From d 7 posthatch, cloacal swabs were taken each week from the individuals of both groups until 18 wk posthatch. At 18 wk posthatch (1 d after final cloacal swab), all birds were euthanized and samples of ceca and spleen were taken.
Bacteriological Analysis
Cloacal swabs were directly inoculated on brilliant green agar plates, which were incubated overnight at 37°C. When negative after direct inoculation, samples were pre-enriched in buffered peptone water 2 overnight at 37°C, after which samples were enriched by addition of 1 mL of this suspension to 9 mL of brilliant green tetrathionate broth.
2 After incubation overnight, one drop of this suspension was plated onto brilliant green agar. A score was given as follows: 0 = negative; 1= positive after enrichment; 2 = less than 10 colonies after direct plating; 3 = less than 100 colonies after direct plating; and 4 = more than 100 colonies after direct plating.
Samples of ceca and spleen were homogenized and 10-fold dilutions were made in buffered peptone water starting from 5-and 20-fold dilutions for ceca and spleen, respectively. For each dilution, 6 separate drops of 20 µL were inoculated on brilliant green agar. After incubation at 37°C overnight, the number of colonyforming units per gram of tissue was determined by counting the bacterial colonies. For samples that were negative after direct titration, pre-enrichment and enrichment was performed, as described above.
Statistical Analysis
The SPSS 11.5 software was used for statistical analysis. For each time, the nonparametric Mann-Whitney test was used to determine significant differences between the treatment groups. Differences were significant at P < 0.05.
RESULTS
As shown in Figure 1 , the mean score of fecal shedding decreased over time for both groups of chickens. The mean score of fecal shedding of chickens infected with 10 9 cfu at d 6 posthatch was higher in the first weeks postinfection compared with the chickens infected on with 10 2 cfu at 1 d posthatch (significant at wk 2, 4, and 5 of age). From about 10 wk of age, the chickens infected on d 1 with 10 2 cfu had a higher mean score of fecal shedding compared with those infected with 10 9 cfu at 1 wk of age (significant at wk 10, 11, 12, 13, 14, 17, and 18) . When the percentage of negative swabs was considered, the chickens infected with the low dose had a higher percentage of nonshedders at 2, 3, 4, and 5 wk of age, whereas the birds infected with the high dose had a significantly higher percentage of negative cloacal swabs at 10, 12, and 14 wk of age (Figure 2) .
In Tables 1 and 2 , fecal shedding of individual birds over time is shown. Certain individuals have positive cloacal swabs throughout the study, and others became negative a few weeks postinfection and remained negative for the duration of the study. Most birds showed intermittent shedding. Data obtained from analysis of the cecal contents generally did not correlate with the results from the last cloacal swab, taken 1 d before euthanasia. All samples from the spleen were bacteriologically negative.
DISCUSSION
Infection of young chicks can lead to persistent intermittent shedding and induction of carrier chickens. It has been shown that group-housed layers infected with 7.10 6 cfu of a S. Enteritidis PT13 strain shed Salmonella at least until the 24th week postinfection (Gast and Holt, 1998) . In a study by Nakamura et al. (1993) , shedding of S. Enteritidis persisted for more than 28 wk after infection of newly hatched group-housed chicks in a seeder bird model. Mortality was about 30% in the study by Nakamura et al. (1993) , in contrast to the normally asymptomatic progress of the infection. In our study, high and very low infective doses of an S. Enteritidis PT4 strain resulted in persistent excretion for at least 18 wk lay, so until onset of lay.
Care should be taken when cloacal swabs are used to monitor the Salmonella status of chickens. Indeed, it is clear that excretion of Salmonella is intermittent, and with low contamination levels in the population, it would be expected that monitoring by cloacal swab analysis is not a reliable means to detect carrier birds. 
Columns represent weeks posthatch, and rows represent the individual chickens (n = 50; 2 birds died 1 d postinfection). Analysis of cecal contents at 18 wk of age did not generally correlate with the cloacal swab taken 1 d earlier, indicating the lack of reliability of cloacal swabs to determine the Salmonella status of an individual chicken.
It is unclear why the low dose resulted in a more persistent infection, but this may be related to differences in development of immunity after infection with different doses of Salmonella. It is expected that the development of specific cellular and humoral responses would be more intensive after infection with high doses of bacteria, perhaps leading to a faster decrease in colonization. Moreover, the chickens that received the low dose of Salmonella were infected on d 1 posthatch, thus having an immature immune system, whereas the chickens receiving the high dose were infected at 1 wk posthatch, and were presumably more capable of reacting immunologically.
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